Introduction {#Sec1}
============

Thermal nociceptive stimuli elicit robust low-frequency phase-locked local field potentials (LFPs) in the human insula^[@CR1]--[@CR4]^, which are often assumed to reflect early stages of cortical processing specifically related to nociception and to the perception of pain^[@CR2],[@CR3]^. Contrasting with this assumption, we recently observed that intense but non-nociceptive and non-painful tactile, auditory, and visual stimuli elicit similar low-frequency phase-locked LFPs at the same insular locations^[@CR1]^. Therefore, both nociceptive and non-nociceptive low-frequency phase-locked LFPs appear to predominantly reflect multimodal neural activity unspecific for pain and nociception^[@CR1]^. One possibility is that these responses reflect activity involved in detecting, orienting attention towards, and reacting to the occurrence of *salient* sensory events, i.e., stimuli that stand out relative to the sensory background or with respect to preceding stimuli, regardless of their painfulness^[@CR5]--[@CR7]^.

In addition to low-frequency phase-locked LFPs reflecting multimodal activity, we recently showed that nociceptive stimuli also elicit an early-latency (150--300 ms) enhancement of gamma-band oscillations (GBOs, \>40 Hz) in the human insula, which is not observed in response to non-nociceptive tactile, auditory, and visual stimuli perceived as equally intense and arousing^[@CR8]^. Hence, differently from multimodal low-frequency phase-locked LFPs recorded at the same locations, stimulus-evoked GBOs recorded from the human insula appear to reflect activity that is *preferential* for thermonociception and/or the processing of spinothalamic input.

The aim of the present study was to shed light on the functional significance of both low-frequency phase-locked LFPs and high-frequency non-phase-locked GBOs recorded from the human insula, by investigating how these responses are affected by the intensity of stimulation, as well as by a manipulation of temporal expectancy, which impacts their saliency. More specifically, we used a paradigm that allows to increase the temporal expectancy of the stimuli by repeating the stimulus at a constant and predictable inter-stimulus interval (ISI).

A number of magnetoencephalography (MEG) and scalp electroencephalography (EEG) studies have shown that stimulus repetition at a constant ISI leads to a strong decrease in the amplitude of phase-locked responses, and in particular of laser-evoked potentials (LEPs) -- a phenomenon defined as response *habituation*^[@CR5],[@CR9]--[@CR17]^. Because this response habituation is not necessarily paralleled by a reduction in the intensity of perception, this can lead to a marked dissociation between the magnitude of these event-related potentials and perception^[@CR13]^. Differently from these phase-locked responses, GBOs elicited by thermonociceptive stimuli over the human primary somatosensory cortex (SI) have been suggested to not habituate when stimuli are presented at a constant and predictable ISI^[@CR18]^, indicating that these high-frequency activities might reflect processes more directly related to the perception of pain and/or the strength of the eliciting sensory input.

Using 8 depth electrodes implanted in the left anterior and posterior insula of 6 patients (3 females; age: 23--51 years) undergoing a pre-surgical evaluation of focal epilepsy, we recorded intracerebral EEG from a total of 41 insular sites (Fig. [1](#Fig1){ref-type="fig"}; see Table [1](#Tab1){ref-type="table"} for the MNI coordinates of the contacts). Participants received brief thermonociceptive laser stimuli, mechanical vibrotactile stimuli, and auditory stimuli in three separate blocks, in a randomized block design (Fig. [2](#Fig2){ref-type="fig"}). In each block, trains of three stimuli of identical intensity (S1-S2-S3, a "triplet") were delivered at a constant and predictable ISI of 1 s, similarly to a number of previous studies investigating the effect of stimulus repetition on brain responses using scalp EEG^[@CR5],[@CR13],[@CR16]--[@CR18]^. For each modality, two different triplet intensities ("high" and "low") were used, presented in a randomized order. At the end of each triplet, participants rated the intensity of each of the three stimuli on a numerical scale ranging from 0 to 10, where "0" corresponded to "no perception at all", and "10" corresponded to "maximum intensity imaginable". Furthermore, at the end of each block, participants were asked to report whether they had perceived the stimuli as painful.Figure 1Localization of the 8 depth electrodes implanted in the insula of 6 patients. All electrodes were located in the left insula. A total of 41 insular sites (in red) were investigated. MNI coordinates of the electrode contacts are presented in Table [1](#Tab1){ref-type="table"}. The DICOM images of each patient are available at the OSF online repository at the address [www.osf.io/yw4nf](http://www.osf.io/yw4nf).Table 1Localization of insular electrode contacts.SubjectHemisphereContactDescriptionMNI coordinates1Left1Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus−34, 22, −22Anterior insular cortex, first short gyrus−35, 16, −23Anterior insular cortex, transition between the first and second short gyri−35, 11, −24Anterior insular cortex, second short gyrus−35, 5, −25Posterior insular cortex, subcortical portion of the first long gyrus−36, −1, −36Posterior insular cortex, subcortical portion of the first long gyrus−36, −6, −37Posterior insular cortex, subcortical portion of the second long gyrus−37, −12, −38Posterior insular cortex, subcortical portion of the second long gyrus−37, −17, −39Posterior insular cortex, subcortical portion of the circular fold, adjacent to the superior temporal gyrus−37, −23, −32 (first surgery)Left1Anterior insular cortex, first short gyrus, posterior to the circular fold−30, 25, −12Anterior insular cortex, subcortical portion of the second short gyrus−30, 19, −13Anterior insular cortex, third short gyrus−30, 17, −14Posterior insular cortex, first long gyrus−31, 13, −25Posterior insular cortex, second long gyrus−32, 9, −23Left1Anterior insular cortex, adjacent to the anterior portion of the circular sulcus−38, 11, −112Anterior insular cortex, first short gyrus−38, 1, −93Anterior insular cortex, second short gyrus−39, −9, −64aLeft1Posterior insular cortex, external capsule−33, −12, 132Posterior insular cortex, transition between the long gyrus of the insula and the cortex from the parietal operculum, at the level of the circular gyrus−37, −12, 153Posterior insular cortex, transition between the long gyrus of the insula and the cortex from the parietal operculum, at the level of the circular gyrus−41, −12, 164Posterior insular cortex / parietal operculum−49, −12, 164bLeft1Posterior insular cortex, most posterior long gyrus−38, −9, −52Posterior insular cortex, most posterior long gyrus−42, −9, −55Left1Anterior insular cortex, adjacent to the inferior frontal gyrus−33, 24, −82Anterior insular cortex, adjacent to the inferior frontal gyrus−34, 19, −73Anterior insular cortex, first short gyrus−34, 14, −64Anterior insular cortex, second short gyrus−34, 9, −35Anterior insular cortex, transition between the second and third short gyri−35, 3, −26Anterior insular cortex, third short gyrus−35, 0, 07Anterior insular cortex, transition between the third short gyrus and the first long gyrus−35, −6, 16Left1Anterior insular cortex, first short gyrus−35, 14, −12Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus−39, 14, −33Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus−44, 13, −62 (second surgery)Left1Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus−42, 22, −12Anterior insular cortex, adjacent to the opercular portion of the inferior frontal gyrus−42, 16, −13Anterior insular cortex, second short gyrus−42, 11, −14Anterior insular cortex, transition between the second and third short gyri−42, 4, −15Anterior insular cortex, third short gyrus−42, −1, 06Posterior insular cortex, first long gyrus−42, −8, 07Posterior insular cortex, transition between the first and the second long gyri−42, −15, 08Posterior insular cortex, second long gyrus−42, −19, 0Figure 2Experimental procedure. Participants received nociceptive, vibrotactile, and auditory stimuli in a randomized block design. To investigate the effect of stimulus expectancy, in each block, trains of three stimuli of identical intensity (S1-S2-S3, "triplets") were delivered at a constant and predictable inter-stimulus interval of 1 s. Two different intensities, "high" (in red) and "low" (in blue) triplets, were used for each modality, and presented in a randomized order. At the end of each "triplet", participants rated the intensity of each stimulus on a numerical scale ranging from 0 to 10.

Based on previous studies using scalp EEG and MEG^[@CR5],[@CR9],[@CR11]--[@CR13],[@CR15]--[@CR18]^, we hypothesized that (i) the intensity of stimulation would affect intensity ratings, as well as the magnitudes of both low-frequency phase-locked LFPs and GBOs elicited in the insula; (ii) that stimulus repetition at a constant and predictable ISI would decrease the magnitudes of low-frequency phase-locked LFPs recorded from the human insula, but would not affect intensity ratings nor the magnitudes of GBOs recorded at the same insular locations.

Results {#Sec2}
=======

Quality and intensity of perception {#Sec3}
-----------------------------------

All participants described laser nociceptive stimuli as tolerable, but nevertheless painful and pricking. Non-nociceptive vibrotactile and auditory stimuli were described as clearly perceivable and intense, but never painful. The ratings of intensity ("high" nociceptive: 7.2 ± 1.7; "low" nociceptive: 4.8 ± 2.0; "high" vibrotactile: 5.1 ± 1.6; "low" vibrotactile: 3.7 ± 1.8; "high" auditory: 6.3 ± 2.1; "low" auditory: 4.4 ± 2.2; values expressed as mean ± standard deviation) provided by each participant are shown in Fig. [3](#Fig3){ref-type="fig"}. In all three modalities, intensity ratings differed significantly (nociceptive: χ^2^ = 21.2, p = 0.001; vibrotactile: χ^2^ = 20.1, p = 0.001; auditory: χ^2^ = 23.4, p \< 0.001). Pairwise comparisons showed that this difference could be explained by an effect of the intensity of stimulation, as participants rated high-intensity stimuli as more intense than low-intensity stimuli (p \< 0.001 for all three modalities). However, for all three modalities, the ratings for the first (S1), second (S2), and third (S3) stimuli did not differ significantly (p = 1.000 for all comparisons).Figure 3Average ratings of intensity of perception for each participant and modality of stimulation. The ratings of intensity were affected by stimulation intensity: for all three modalities (nociceptive, vibrotactile, and auditory), each participant rated high-intensity stimuli (in black) as more intense than low-intensity stimuli (in white). In contrast, intensity of perception was not affected by stimulus repetition, as participants provided similar ratings for each of the three stimuli belonging to the triplets (note that ratings from one participant were lost due to a hardware failure).

Low-frequency phase-locked LFPs recorded from the human insula {#Sec4}
--------------------------------------------------------------

All types of stimuli elicited low-frequency phase-locked LFPs in the insula, appearing as large biphasic waves (Supplemental Material [1](#MOESM1){ref-type="media"} and [2](#MOESM1){ref-type="media"}). A linear mixed model (LMM) analysis performed on the average peak-to-peak amplitude of the low frequency phase-locked LFPs elicited by the triplets, using "modality" (nociceptive, vibrotactile, auditory), "intensity" (high, low), and "stimulus repetition" (S1, S2, S3) as fixed factors, and "subject" as a contextual variable, showed a main effect of "modality" (F = 55.4, p \< 0.001), a main effect of "intensity" (F = 23.6, p \< 0.001), and a main effect of "stimulus repetition" (F = 77.9, p \< 0.001). Post-hoc comparisons showed that both nociceptive and auditory low-frequency phase-locked LFPs were significantly greater in amplitude than vibrotactile low-frequency phase-locked LFPs (both p \< 0.001); that low-frequency phase-locked LFPs elicited by high-intensity stimuli were significantly greater in amplitude than low-frequency phase-locked LFPs elicited by low-intensity stimuli; and that low-frequency phase-locked LFPs elicited by the first stimuli of the triplets (S1) were significantly greater in amplitude than low-frequency phase-locked LFPs elicited by the second (S2) and third (S3) stimuli of the triplets.

The analysis also yielded a significant three-way interaction between "modality", "intensity", and "stimulus repetition" (Table [2](#Tab2){ref-type="table"}). Post-hoc comparisons showed that, when stimuli were delivered at high intensity, stimulus repetition led to a significant decrease of the amplitude of low-frequency phase-locked LFPs in all three modalities. In contrast, when stimuli were delivered at low intensity, such a decrease was only significant for the auditory modality. Figure [4](#Fig4){ref-type="fig"} shows the rectified low-frequency phase-locked LFPs recorded from the insular contact at which the response amplitude was greatest, averaged across participants.Table 2Pairwise comparisons of the amplitudes of low-frequency phase-locked local field potentials elicited by the first stimuli of the triplets (S1) and the following stimuli (S2, S3) in the nociceptive, vibrotactile, and auditory modalities, at high and low intensities.S1 vs S2S1 vs S3mean difference (μV)p-valuemean difference (μV)p-valuenociceptivehigh18**p \< 0.001** ^**\***^29**p \< 0.001** ^**\***^low3p = 0.9331p = 1vibrotactilehigh7p = 0.09814**p \< 0.001** ^**\***^low5p = 0.3532p = 1auditoryhigh**25p \< 0.001** ^**\***^25**p \< 0.001** ^**\***^low**21p \< 0.001** ^**\***^24**p \< 0.001** ^**\***^Figure 4Low-frequency phase-locked local field potentials (LFPs) elicited in the human insula. The waveforms represent rectified low-frequency phase-locked LFPs elicited by high-intensity and low-intensity nociceptive, vibrotactile, and auditory "triplets" recorded at the insular contacts in which, for each explored insula, the amplitude of the response was greatest (group-level average). For each modality, the locations of the selected insular contacts are displayed in the middle panel (red circles). For all three modalities (nociceptive, vibrotactile, auditory), low-frequency phase-locked LFPs elicited by high-intensity stimuli were significantly greater in amplitude than low-frequency phase-locked LFPs elicited by low-intensity stimuli. When stimuli were delivered at high intensity, stimulus repetition led to a significant decrease of the amplitude of low-frequency phase-locked LFPs, for all three modalities. When stimuli were delivered at low intensity, this decrease was only significant for the auditory modality, given the very small amplitude of low-frequency phase-locked LFPs elicited by low-intensity nociceptive and vibrotactile stimuli. Individual low-frequency phase-locked LFPs recorded from all insular contacts in each participant are shown in Supplemental Material [1 and 2](#MOESM1){ref-type="media"}.

GBOs recorded from the human insula {#Sec5}
-----------------------------------

Nociceptive stimuli elicited an enhancement of GBOs at several insular contacts, which was not observed in response to non-nociceptive vibrotactile, auditory, and visual stimuli (Fig. [5](#Fig5){ref-type="fig"}). A LMM analysis performed on the average event-related percentage of change in signal amplitude (ER%) between 150 and 300 ms after each stimulus^[@CR8]^, using factors "modality" (nociceptive, vibrotactile, auditory), "intensity" (high, low), "stimulus repetition" (S1, S2, S3), and "frequency range" (40--90 Hz, 90--140 Hz) as fixed factors, and "subject" as a contextual variable, showed a significant effect of "modality" (F = 21.32, p \< 0.001). On average, the magnitudes of nociceptive GBOs were significantly greater than the magnitudes of vibrotactile and auditory GBOs (all p \< 0.001). The analysis also showed a significant interaction between "intensity" and "frequency range" (F = 6.81, p = 0.009). Post-hoc comparisons showed that in the 40--90 Hz frequency range, GBOs elicited by high-intensity stimuli were significantly greater in magnitude than GBOs elicited by low-intensity stimuli. This was not the case for higher-frequency activities elicited in the 90--140 Hz frequency range. Moreover, the analysis showed a significant three-way interaction between "modality", "stimulus repetition", and "intensity" (F = 2.90, p = 0.021). Post-hoc comparisons showed that nociceptive GBOs elicited by high-intensity stimuli were significantly greater in magnitude than GBOs elicited by low-intensity stimuli following S1 (p \< 0.001) and S2 (p = 0.002), but not following S3 (p = 0.083). Finally, the analysis showed a significant three-way interaction between "modality", "stimulus repetition", and "frequency range" (F = 2.82, p = 0.024). In the 40--90 Hz frequency range, but not in the 90--140 frequency range, nociceptive GBOs were affected by stimulus repetition, as GBOs elicited by S1 were significantly greater in magnitude than GBOs elicited by S2 (p = 0.001) and S3 (p = 0.016).Figure 5Nociceptive gamma-band oscillations (GBOs) elicited in the human insula. Time-frequency representation of the changes in oscillatory power elicited by nociceptive, vibrotactile, and auditory "triplets", at the insular contacts in which, for each explored insula, GBOs elicited by nociceptive stimuli were more pronounced (group-level average percentage change in magnitude: ER%). The locations of the selected insular contacts are displayed on the upper panel (red circles). As compared to non-nociceptive stimuli, nociceptive stimuli elicited a greater post-stimulus increase in GBO power, particularly in the 40--90 Hz frequency range. The enhancement of nociceptive GBOs following the first stimuli of the triplets (S1) was significantly greater in magnitude than the enhancement of nociceptive GBOs following the second (S2) and third (S3) stimuli of the triplets. This enhancement was also significantly greater following high-intensity nociceptive stimuli compared to low-intensity nociceptive stimuli. Individual time-frequency maps from each participant are available at the OSF online repository at the address [www.osf.io/yw4nf](http://www.osf.io/yw4nf).

Discussion {#Sec6}
==========

Consistently with previous studies^[@CR1],[@CR8]^, all three types of stimuli (nociceptive, vibrotactile, auditory) elicited robust low-frequency phase-locked LFPs in the insula. In addition to these low-frequency responses, nociceptive stimuli, but not non-nociceptive vibrotactile and auditory stimuli, elicited a marked enhancement of GBOs at the same insular locations. This result is consistent with our recent finding that GBOs preferential for nociception can be recorded from the human insula^[@CR8]^, and that low-frequency phase-locked LFPs are dissociated from GBOs recorded at the same insular locations.

Stimulation intensity modulated the intensity of perception, as well as the magnitude of both low-frequency phase-locked LFPs and nociceptive GBOs recorded from the human insula. In contrast, stimulus repetition at a constant and predictable 1-s ISI had no effect on the intensity of perception, while leading to a decrease in magnitude of both low-frequency phase-locked LFPs and nociceptive GBOs (40--90 Hz). These results show that the magnitudes of insular low-frequency phase-locked LFPs and nociceptive GBOs can be dissociated from the intensity of perception -- a dissociation that is consistent with several findings in the field of perceptual neuroscience, which suggest that a significant portion of the brain activity evoked by a brief sensory stimulus is not directly related to the quality and the intensity of the corresponding sensation, but could be related to bottom-up attentional processes^[@CR19]--[@CR22]^.

In our study, high-intensity triplets led to a habituation of low-frequency phase-locked LFPs in all three modalities. In contrast, low-intensity triplets led to a habituation of low-frequency phase-locked LFPs in the auditory modality, but not in the nociceptive and vibrotactile modalities. This difference could be explained by a floor effect due to the much smaller responses elicited by low-intensity nociceptive and vibrotactile stimuli. In agreement with our findings, several scalp EEG and MEG studies have shown that the repeated presentation of a stimulus at a constant ISI leads to a habituation of the stimulus-evoked brain responses^[@CR5],[@CR9]--[@CR17],[@CR23]^. These studies indicate that habituation takes place regardless of the modality of stimulation, as it was observed for thermonociceptive stimuli^[@CR5],[@CR9],[@CR11]--[@CR13],[@CR15]--[@CR17]^, as well as for innocuous somatosensory^[@CR11],[@CR14]^ and auditory^[@CR10],[@CR14],[@CR16],[@CR23]^ stimuli.

Some researchers initially interpreted the response decrement induced by stimulus repetition as a consequence of neuronal or psychological *refractoriness*^[@CR11],[@CR24],[@CR25]^, but these interpretations have been ruled out by a number of studies showing that (i) when stimuli are repeated at an *unpredictable* ISI, stimulus repetition does not lead to a response decrement^[@CR10],[@CR12],[@CR14],[@CR15],[@CR23]^; (ii) the response decrement is not reflected in the perceived intensity of the stimulus^[@CR13],[@CR18]^; and (iii) the duration of neuronal refractoriness has been estimated to last only a few milliseconds, whereas the response decrement is observed at longer ISIs^[@CR13],[@CR26]^.

Because a stimulus that is repeated in time stands out less in the sensory environment, and because a short and constant ISI makes the stimulus more predictable, stimulus *saliency*, rather than neuronal or psychological refractoriness, may better explain the reduction in the amplitude of brain responses when a stimulus is repeated at a short and constant ISI^[@CR5],[@CR13],[@CR15],[@CR16]^. In the present experiment, the first stimulus of each triplet (S1) was preceded by the last stimulus of the previous triplet (S3) by a long, variable, and unpredictable interval (10--15 s). In contrast, a constant interval of 1 s separated the onset of the second (S2) and third (S3) stimuli from the onset of the preceding stimulus, making S2 and S3 more predictable than S1. In addition, whereas the intensity of stimulation ("high" or "low") randomly varied from triplet to triplet, it was constant *within* each triplet. Hence, the intensity of S1 predicted the intensity of S2 and S3, but the intensity of S3 did not predict the intensity of the first stimulus (S1) of the following triplet. Because both the time of occurrence and the intensity of stimulation of S1 were more unexpected than the time of occurrence and the intensity of stimulation of S2 and S3, it is reasonable to assume that S1 was more salient than S2 and S3 -- a difference that could explain the observed decrease in the magnitude of the elicited low-frequency phase-locked LFPs and GBOs with stimulus repetition.

A stimulus perceived as intense is likely more salient than a stimulus perceived as weak^[@CR27]^. Hence, the relationship between the magnitude of the stimulus-evoked insular responses and the intensity of stimulation could also be explained by an effect of stimulus saliency on response magnitude. The saliency hypothesis is also in line with the proposal that the insula belongs to a cortical network involved in the detection of significant events that are potentially threatening for the body, acting as a defensive system, regardless of the sensory channel through which these events are conveyed^[@CR7]^. Notably, the insula was suggested to constitute a hub connecting sensory areas to other networks involved in the processing and integration of external and internal information, allowing to gain a coherent representation of different salient conditions, including, but not limited to, pain-related experiences^[@CR6],[@CR28],[@CR29]^.

A slightly different explanation for the habituation of the stimulus-evoked responses could be the lack of novelty of the second (S2) and third (S3) stimuli of the triplet compared to the first stimulus (S1), rather than reduced saliency. Using scalp EEG, Ronga and collaborators^[@CR5]^ showed that varying the intensity of the third stimulus of a triplet led to a dishabituation of the nociceptive-evoked response when the intensity was increased, but not when it was decreased. This study indicates that the magnitude of nociceptive ERPs is mainly determined by stimulus saliency, rather than stimulus novelty. Further investigations with a similar paradigm using intracerebral EEG could test whether this is also the case for low-frequency phase-locked LFPs and nociceptive GBOs recorded from the human insula.

Whereas thermal nociceptive stimuli selectively activate the nociceptive system^[@CR30]^, low-frequency phase-locked LFPs recorded from the insula mostly reflect neural processes that are not selective or specific for the nociceptive system, but are possibly triggered by any salient stimulus occurring in the environment, regardless of its sensory modality. Compared to low-frequency phase-locked LFPs, GBOs (40--90 Hz) elicited in the human insula by nociceptive stimuli appear to be more selective for nociception and/or activation of the spinothalamic system, because they are not elicited by non-nociceptive vibrotactile and auditory stimuli.

The most remarkable and unexpected finding of our study is that nociceptive GBOs recorded from the human insula are strongly affected by stimulus repetition. This result suggests that these responses could at least partly reflect neural processes related to the processing of salient events. The main implication of this finding is that nociceptive GBOs recorded from the human insula cannot be considered as a direct correlate of pain perception.

The observation that stimulus repetition induces a marked habituation of nociceptive GBOs recorded from the human insula appears in contradiction with the results of Zhang and collaborators^[@CR18]^, who reported that the magnitudes of GBOs recorded using scalp EEG and hypothesized to originate from the contralateral SI correlate with the intensity of pain perception independently of stimulus repetition. The authors concluded that these GBOs constitute a "direct obligatory correlate of subjective pain intensity". A possible explanation for the divergence between our results and the results of Zhang *et al*.^[@CR18]^ is that GBOs recorded over SI using scalp EEG and GBOs recorded from the insula using intracerebral EEG reflect functionally distinct cortical processes. Whereas GBOs recorded over SI might more closely relate to subjective pain intensity and/or the strength of the eliciting stimulus, the latter appear to be strongly related the saliency of the eliciting stimuli, while still being preferential for nociceptive and/or spinothalamic input.

The fact that nociceptive GBOs recorded over different brain regions appear to reflect functionally distinct processes indicates that the relationship between these activities and pain perception should always be interpreted with caution. Crucially, because pain and nociception are often related, but can occur independently of each other, nociceptive brain activity can only be considered as a proxy measure of pain^[@CR7],[@CR31]^. For instance, sleep deprivation was shown to decrease the amplitude of brain responses elicited by nociceptive stimuli, while causing hyperalgesia^[@CR32]--[@CR34]^. Nociceptive brain responses can be detected during sleep^[@CR35]^, in anaesthesized patients^[@CR36]^, and in patients with disorders of consciousness^[@CR37],[@CR38]^, yet in the absence of behavioral evidence suggesting a conscious experience of pain. In a number of other pathological conditions, nociceptive brain responses can be absent or reduced, despite preserved or enhanced pain perception^[@CR39]--[@CR44]^. In other conditions, normal nociceptive brain responses can be associated to reduced pain perception^[@CR45]^. Finally, numerous studies have shown that the physical intensity of the nociceptive stimuli, the magnitude of the nociceptive brain responses, and the subjective intensity of pain, can be modulated independently^[@CR46]--[@CR50]^, particularly when attentional or emotional processes are at play^[@CR21],[@CR48]^.

Similarly to brain responses elicited by nociceptive stimuli, several other nociceptive physiological responses, such as the skin conductance response (SCR)^[@CR51]--[@CR55]^, pupil dilation^[@CR56]--[@CR59]^, heart rate variability^[@CR60]--[@CR68]^, and the nociceptive flexion reflex (NFR)^[@CR69]--[@CR72]^, are often used to objectify the experience of pain in both animals and humans. In humans, the magnitude of these physiological responses can, in some circumstances, correlate reliably with self-reported pain -- the current "gold standard" in pain assessment^[@CR73],[@CR74]^. Notwithstanding, just as for nociceptive brain responses, these other physiological responses may also be dissociated from perceived pain intensity^[@CR73]--[@CR79]^. For instance, Bromm and Scharein^[@CR73]^ demonstrated that when an electrical nociceptive stimulus is repeated at a variable ISI (20--40 s), neither pain perception nor event-related potentials are affected by stimulus repetition, whereas the SCR, the electrooculogram (EOG), and the NFR all show a marked decrease in amplitude. Rhudy and collaborators^[@CR75]^ reported that the repetition of an electrical nociceptive stimulus leads to a habituation of the SCR and NFR, whereas pain ratings increase. These findings suggest that different spinal and supraspinal responses can be differently affected by stimulus repetition, leading to dissociated patterns of response decrement or increment to the same stimulus.

Animal studies have shown that the repetition of a nociceptive stimulus can induce either habituation or sensitization of the response of spinal dorsal horn neurons, depending on the intensity and frequency of stimulation^[@CR80]--[@CR82]^. Most interestingly, different effects of stimulus repetition have been observed in different types of spinal dorsal horn neurons responding to nociceptive input. Interneurons displaying only habituation patterns, found in laminae I-V, were found to be anatomically distinct from interneurons displaying a sensitization-habituation pattern, found in laminae V-VII^[@CR80]^. Hence, habituation and sensitization appear to be independently mediated by different neuronal circuits^[@CR81]^. Moreover, Ikeda and collaborators^[@CR83]^ showed that electrical low-frequency stimulation (LFS, 2 Hz) and high-frequency stimulation (HFS, 100 Hz) of C-fiber primary afferents exert different effects on synaptic transmission in spinal neurons projecting to the parabrachial (PB) area compared to spinal neurons projecting to the periaqueductal gray (PAG). HFS, but not LFS, induced long-term potentiation (LTP) at synapses between C fibers and neurons projecting to the PB area. In contrast, LFS, but not HFS, induced LTP at synapses between C fibers and neurons projecting to the PAG. In other words, synaptic plasticity appears to be differentially induced in distinct ascending nociceptive tracts. These observations raise the possibility that differential effects of stimulus repetition on pain perception and nociceptive brain responses could be due, at least in part, to a differential effect on different populations of dorsal horn neurons conveying nociceptive input to the brain.

In conclusion, the fact that stimulus repetition leads to a dissociation between the intensity of pain perception and the magnitude of both nociceptive low-frequency phase-locked LFPs and high-frequency GBOs recorded from the human insula indicates that these responses are not directly related to the "encoding" of pain intensity. Therefore, and despite the fact that they appear to reflect cortical activity selective for thermonociception, insular nociceptive GBOs cannot be considered as a correlate of perceived pain.

Materials and Methods {#Sec7}
=====================

Participants {#Sec8}
------------

Six patients (3 females, mean age: 32, range: 23--51) suffering from intractable focal epilepsy were recruited at the Department of Neurology of the Saint Luc University Hospital (Brussels, Belgium). All patients were investigated using depth electrodes implanted in various brain regions suspected to be the origins of seizures, including wide portions of the anterior and posterior insula (Fig. [1](#Fig1){ref-type="fig"}; see Table [1](#Tab1){ref-type="table"} for the MNI coordinates of each electrode contact). The intracerebral EEG was recorded from 8 electrodes located in the insula (Patient 2 underwent a second electrode implantation after 18 months, encompassing additional insular locations; Patient 4 had two distinct insular electrodes implanted concomitantly, one in the dorsal posterior insula/operculum and one in the ventral posterior insula), for a total of 46 insular sites. Because 5 contacts were excluded from the analysis due to strong electrical artifacts of unknown origin, electrophysiological responses from 41 insular contacts were investigated. The MNI coordinates and the description of the location of each contact are presented in Table [1](#Tab1){ref-type="table"}. In addition, the anonymized DICOM images of each patient are available at the OSF online repository at the address [www.osf.io/yw4nf](http://www.osf.io/yw4nf). These images do not include facial features that could lead to the identification of the participants.

None of the participants had psychiatric issues, cognitive impairment, or sensory abnormalities. None of the participants presented ictal discharge onset in the insula during the recordings, and low-voltage fast activity was never present in this area during spontaneous seizures. Four of the patients (Patients 1--4) also participated in two previous studies conducted by our team^[@CR1],[@CR8]^. All participants gave written informed consent. All experimental procedures were approved by the local Research Ethics Committee (Commission Ethique de l'Université catholique de Louvain, B403201316436) and carried out in accordance with the relevant guidelines and regulations. The manuscript does not contain information or images that could lead to the identification of the participants.

Procedure {#Sec9}
---------

The study was conducted at the patient bedside. Before the beginning of the experiment, the procedure was explained to the patient, who was exposed to a small number of test stimuli for familiarization. The experiment consisted of three blocks (Fig. [2](#Fig2){ref-type="fig"}). In each block, participants received stimuli from one of three sensory modalities: nociceptive, vibrotactile, and auditory. The stimuli were delivered in trains of three stimuli (S1-S2-S3, a "triplet"). Within each triplet, stimuli had identical intensity, and were delivered at a constant ISI of 1 s. The time interval between triplets was variable and self-paced by the experimenter (10--15 s) to avoid expectation. Two different intensities, "high" and "low", were used for each modality. "High" and "low" triplets were delivered in a randomized order within the blocks. Participants were instructed to fixate a black cross (3 × 3 cm) placed in front of them, at a distance of \~2 m, 30° below eye level, for the whole duration of each block. Because Iannetti and collaborators^[@CR13]^ have shown that subjects are able to independently and reliably rate the intensity of three consecutive stimuli presented at a 1-s ISI, we asked the participants to verbally rate, *at the end of each triplet*, the intensity of each stimulus of the triplet on a numerical scale ranging from 0 to 10, where "0" was defined as "no sensation at all", and "10 was defined as "highest intensity imaginable" (ratings from one participant were lost due to a computer failure). As the time interval between triplets was self-paced by the experimenter, participants had enough time to provide the ratings without excessive time pressure. Participants were asked for ratings of *intensity* rather than ratings of a modality-specific perceptual feature such "painfulness" or "loudness" to keep the task consistent across the different blocks. Finally, at the end of each block, participants were asked to report whether they had perceived the stimuli as painful. The order of the blocks was randomized across participants. Due to health issues, Patient 3 only participated to the nociceptive and auditory blocks, but interrupted the experiment before undergoing the vibrotactile block.

Sensory stimuli {#Sec10}
---------------

Nociceptive stimuli consisted of 4-ms pulses of radiant heat generated by an infrared neodymium yttrium aluminum perovskite laser with a wave-length of 1.34 μm (Nd:YAP, Electronical Engineering, Florence, Italy), applied on the hand dorsum contralateral to the implanted insular electrode. The laser beam diameter was set at 5 mm by focusing lenses. Stimulation intensity was 1.25 J for "low" nociceptive stimuli and 1.50 J for "high" nociceptive stimuli. These intensities, fixed ahead of time, were chosen following pilot tests performed on healthy subjects, to ensure that the stimuli would always be perceived as clearly painful and pricking -- a sensation shown to be related to the activation of Aδ fiber skin nociceptors^[@CR30]^ -- while still being easily discriminated in terms of intensity. To prevent nociceptor fatigue or sensitization, the laser beam was manually displaced by about 2 cm after each stimulus^[@CR84]^.

Vibrotactile stimuli consisted in 50-ms vibrations at 245 Hz, delivered via a recoil-type vibrotactile transducer driven by a standard audio amplifier (Haptuator, Tactile Labs Inc., Canada) and positioned on the palmar side of the index fingertip contralateral to the implanted insular electrode. Auditory stimuli were brief 800-Hz lateralized tones (50 ms duration; 0.5 left/right amplitude ratio), delivered through an earphone contralateral to the implanted insular electrode. Stimulation volume was 92 dB SPL for "low" auditory stimuli and 99 dB SPL for "high" auditory stimuli. The intensities of non-nociceptive vibrotactile and auditory stimuli were chosen after pilot tests performed on healthy subjects, to ensure that all stimuli would be clearly perceived and discriminated in terms of intensity, without eliciting a painful sensation.

Analysis of the intensity of perception {#Sec11}
---------------------------------------

To investigate whether stimulation intensity and stimulus repetition had an effect on the intensity of perception, we performed, for each modality of stimulation, a Friedman test. Main effects were compared using the Bonferroni confidence interval adjustment.

Intracerebral recordings and anatomical electrode contact localization {#Sec12}
----------------------------------------------------------------------

For each patient, a tailored implantation strategy was planned according to the regions considered most likely to be ictal onset sites or propagation sites, as described in previous works from our group^[@CR1],[@CR8]^. Target areas, including the insular cortex, were reached using commercially available depth electrodes (AdTech, Racine, WI, U.S.A.; contact length: 2.4 mm; contact spacing: 5 mm) implanted using a frameless stereotactic technique through burr holes. The placement was guided by a neuronavigation system based on 3D-T1W magnetic resonance imaging (MRI) sequence performed in a 1.5 T scanner (Gradient Echo; flip angle: 15°; TR: 7.5 s; TE minimum full; 3.1--13 ms; slice thickness: 1 mm; FOV: 24 cm; matrix: 224 × 224; number of slices: 162). A post-implantation 3D-T1 MRI sequence, performed either right after the surgery or on the following day, was used to accurately identify the locations of each electrode contact. This acquisition mode is safe and compatible with implanted electrodes, which can be clearly identified when analyzed with a 3D-T1W sequence after gadolinium injection. To obtain the MNI coordinates of each insular electrode contact, individual MRI scans were normalized to a standard T1 template in MNI space using BrainVoyager 20.2 (Brain Innovation, Maastricht, The Netherlands).

The intracerebral EEG recordings were performed using a DeltaMed (Paris, France) acquisition system. Additional bipolar channels were used to record electromyographic activity (EMG: two electrodes measuring respectively bicipital and tricipital contraction of the patient's non-dominant arm) and electrocardiographic activity (EKG: two channels, utilizing two electrodes respectively located on the right and left side of the sternum, one electrode located centrally under the sternum, and one electrode on the right lateral side of the chest). All signals were acquired at a 512 Hz sampling rate using a reference electrode located between Cz and Pz, re-referenced to the average activity recorded from all intracerebral contacts, and analyzed offline using Letswave 6 (<http://nocions.org/letswave>)^[@CR85]^. Additional statistical analyses were carried out using IBM SPSS Statistics 24 (Armonk, NY).

Analysis in the time domain {#Sec13}
---------------------------

For the analysis in the time domain, the continuous recordings were filtered using a Butterworth band-pass filter (0.3--40 Hz). Epochs were obtained by segmenting the recordings from −0.5 to 3 s relative to the onset of each "triplet". Trials contaminated by artefacts were corrected using an independent component analysis (ICA) algorithm^[@CR86]^. Separate average waveforms were computed for each subject, stimulus type (nociceptive, vibrotactile, auditory), and stimulus intensity (high, low). Baseline subtraction was performed using the reference interval between −0.5 and 0 s relative to the first stimulus of each triplet. Within the averaged waveforms, the peak-to-peak amplitudes of the large biphasic waves elicited by each stimulus were used as a measure of the amplitude of the stimulus-evoked LFPs.

A linear mixed model (LMM) analysis was performed on the averaged amplitudes of the phase-locked LFPs using the factors "modality" (3 levels: nociceptive, vibrotactile, auditory), "stimulus intensity" (2 levels: low, high), and "stimulus repetition" (3 levels: S1, S2, S3). The contextual variable "subject" was added to the model, to account for the variation of the regression model intercept across participants. Parameters were estimated using restricted maximum likelihood (REML)^[@CR87]^. Main effects were compared using the Bonferroni confidence interval adjustment.

Analysis in the time-frequency domain {#Sec14}
-------------------------------------

For the analysis in the time-frequency domain, the continuous recordings were filtered using a high-pass Butterworth filter (\>20 Hz). Epochs were obtained by segmenting the recordings from −0.5 to 3 s relative to the onset of each triplet. Trials contaminated by artefacts were corrected using ICA. A time-frequency representation of each high-pass filtered epoch was obtained using a short-term Fourier transform (STFT) with a fixed 200-ms width Hanning window, chosen to achieve a good tradeoff between time resolution and frequency resolution in the range of gamma-band frequencies^[@CR18],[@CR88],[@CR89]^. The STFT yielded, for each trial, a complex time-frequency spectral estimate F(t, f) at each point (t, f) of the time-frequency domain plane extending from −0.5 to 1 s in the time domain, and from 20 to 150 Hz (in steps of 1 Hz) in the frequency domain. After averaging the single-trial time-frequency maps for each subject, stimulus type (nociceptive, vibrotactile, auditory), and stimulus intensity (high, low), the average magnitude of the stimulus-induced changes in oscillation amplitude was estimated as follows^[@CR18],[@CR90],[@CR91]^: *ER*%(*t*, *f*) = \[*P*(*t*, *f*) − *R*(*f*)\]/*R*(*F*) × 100; where P(t, f) = \|F(t, f)\|^[@CR2]^ is an estimate of signal amplitude at each time-frequency point (t, f) and R(f) is the average amplitude of the signal enclosed within the prestimulus reference interval (−0.4 to −0.1 s before the onset of the stimulus), for each estimated frequency, f. This yielded, for each insular electrode contact, modality of stimulation, and intensity of stimulation, a time--frequency representation of the average stimulus-induced changes of intracerebral EEG signal (event-related percentage of change in signal amplitude, ER%)^[@CR90]^

A LMM analysis was performed on the average event-related percentage of change in signal power within the 150--300 ms post-stimulus interval^[@CR8]^, using the factors "modality" (3 levels: nociceptive, vibrotactile, auditory), "stimulus intensity" (2 levels: low, high), "stimulus repetition" (3 levels: S1, S2, S3), and "frequency range" (2 levels: 40--90 Hz, 90--140 Hz). This last factor was included given our recent observation that, although thermal nociceptive stimuli elicit insular GBOs predominantly in the 40--90 Hz frequency range, an enhancement of gamma-band activity can be found also at higher frequencies^[@CR8]^. The contextual variable "subject" was added to the model, to account for the variation of the regression model intercept across participants. Parameters were estimated using REML^[@CR87]^. Main effects were compared using the Bonferroni confidence interval adjustment.

Data availability {#Sec15}
-----------------

All supporting data is available at the OSF online repository at the address [www.osf.io/yw4nf](http://www.osf.io/yw4nf).
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